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Abstract. Dual-wavelength photodynamic therapy (PDT) in combination with 
fluoescence monitoring has great potential in medical applications, in 
particular, in the treatment of skin diseases. In this study we conducted 
numerical Monte Carlo experiments in a two-layer skin model to simulate the 
absorbed light dose distribution for PDT with chlorin-based photosensitizers 
as well as to estimate the fluorescence imaging depth depending on the 
probing radiation wavelength and the photosensitizer (PS) in-depth 
distribution. The obtained dependencies provide a detailed overview of the 
light absorption profile and fluorescence signal formation for different PS 
distribution in layered biotissues, and can be used in various fluorescence 
based light dosimetry techniques. © 2024 Journal of Biomedical Photonics & 
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1 Introduction 

Photodynamic therapy (PDT) is a modern non-invasive 

therapeutic method used for treatment of a wide range of 

tumor and non-oncologic pathologies via externally 

stimulated cytotoxic effects, tumor vascular damage, as 

well as immune responses [1−3]. PDT procedure is based 

on the administration of a photosensitizer (PS) and its 

accumulation in the target tissue followed by 

illumination by light of an appropriate wavelength 

causing production of cytotoxic agents [1−3]. The 

success of a PDT procedure depends on local 

concentration of cytotoxic agents which is affected by the 

PS concentration, light transport in the tissue and tissue 

oxygenation [4]. According to modern PDT protocols, 

only the PS dose administered to a patient and the light 

energy delivered to the surface of the biological tissue 

during the procedure are specified at the stage of the 

treatment planning [4]. This limited set of parameters 

does not consider such individual features as 

heterogeneous PS accumulation and non-uniform 

distribution of optical radiation in biological tissues of 

various localizations. Thus, in regard with the current 

trends towards personalized medicine, individualization 

of the PDT procedure scheme at the stage of its planning 

is an urgent problem.  

For PSs with high absorption in different bands of 

visible spectrum, PDT can be performed at several 

wavelengths. Chlorin-based photosensitizers are a wide 

class of PDT agents with two pronounced absorption 

peaks located in the blue and red bands of the visible 

spectrum (402 and 662 nm, respectively). Optical 

properties of biotissues at these therapeutic wavelengths 

differ significantly [5]: for most biotissues subjected to 

PDT (superficial and mucous biotissues) both the 

absorption and scattering coefficients at 𝜆 = 402 nm are 

several times higher than those at 𝜆 = 662 nm [5−7], 

which leads to different penetration depth of therapeutic 

light for these two wavelengths and thus, to the difference 

in the PDT impact area. Therefore, development of multi-

wavelength PDT protocols may benefit from combining 

the effects of exposure at several wavelengths to ensure 

the effect over wide depth. 

Treatment of skin diseases is an essential part of PDT 

applications with specific requirements for light 

dosimetry. Skin is a layered structure with epidermal, 

dermal and hypodermal layers that are characterized by 
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specific values of thickness and optical properties. These 

characteristics can significantly deviate for diseased versus 

normal skin [8]. In the case of non-uniform tissue, 

determination of light fluence distribution in biotissue is a 

challenge. Light dosimetry problem for PDT has been 

studied previously using analytical or numerical 

approaches, however, they are mainly limited by the case 

of uniform biotissue [9, 10]. Direct interstitial 

measurements of light fluence rate [11, 12] are invasive 

and low informative in terms of providing volumetric 

information. Monte Carlo simulation technique [13] is the 

most promising approach for modeling the propagation of 

light in biotissue with complex structure. The simulation 

consists in tracing the large number of random photon 

trajectories for a given probing configuration in the 

medium with predefined optical properties followed by 

statistical processing of the obtained data. This approach 

makes it possible to estimate PDT impact volume for the 

specified optical properties of the medium, tissue 

geometry, and the procedure mode, by calculating the 

absorbed light dose distribution. In Ref. [14−15] 

numerical Monte Carlo simulations of fluence in 

multilayer skin are carried out for one [14] or several [15] 

wavelengths followed by its implementation into PDT 

pharmacokinetics mathematical model to evaluate the 

production of singlet oxygen. In Ref. [16], using Monte 

Carlo simulation of a PDT procedure, the effect of tumor 

density heterogeneity on the distribution of light and 

photodynamic dose is investigated. In paper [17], based on 

Monte Carlo simulation of the irradiation distribution, 

dose-volume histograms are obtained which demonstrate 

the fraction of the organ volume receiving particular level 

of light dose. 

In order to improve the efficiency of a PDT procedure 

and to obtain additional information about the tissue in 

the course and in the follow-up of the procedure, optical 

imaging techniques are used [3, 18]. Fluorescence 

properties of most PSs make it possible to employ 

fluorescence imaging (FI) techniques to monitor PS 

distribution in tissues [19−21]. Broad-beam excited FI 

allows for monitoring the accumulation of PS in 

biological tissue prior to the PDT procedure, as well as 

evaluating the PS photobleaching during PDT [22, 23] 

that can serve as a dosimetric indicator of the procedure 

effectiveness [24−28]. In monitoring the PDT procedure 

with the chlorin-based PSs characterized by two 

absorption peaks, dual-wavelength fluorescence imaging 

allows to analyze information from different depths 

simultaneously due to different localization of 

fluorescence excited at 402 nm and at 662 nm [19−21], 

while the thickness of the PS distribution can be 

estimated by the ratio of fluorescence signals at two 

excitation wavelengths [29, 30].  

At the same time, the question arises whether the 

depth from which the fluorescence is registered is the 

depth where it has been emitted. Due to isotropic 

fluorescence emission and further stochastic behavior of 

light in biotissue, the depth from which the fluorescence 

is registered in explicit dosimetry PDT systems is 

challenging to predict and it cannot be measured directly. 

The maximum depth from which the fluorescence 

photons are detected (further called “FI depth”) depends 

on the optical properties of the tissue and on the way of 

PS administration, being an important characteristic for 

further optimization of the fluorescence monitoring 

technique. Monte Carlo approach is widely utilized for 

modeling fluorescence distribution in biological media 

[5, 31−35]. It is a convenient tool for tracing individual 

trajectories of the detected fluorescence photons and it 

can be used to analyze their depth distribution. In 

Ref. [35] numerical investigation of fluorescence 

probing depth dependence on the source-detector 

separation is conducted for a configuration of a surface 

contact probe equipped with multiple detector fibers. 

However, studies of signal formation in fluorescence 

imaging with several excitation wavelengths are quite 

limited [19−21, 36, 37].  

The aim of this work is to perform numerical 

experiments in a two-layer biotissue mimicking skin with 

epidermal and dermal layers to simulate the distribution 

of the absorbed light dose for PDT with chlorin-based 

photosensitizers, as well as to estimate the FI depth in 

dependence on the probing radiation wavelength and the 

PS distribution pattern. 

2 Materials and Methods 

2.1 Monte Carlo Simulations 

2.1.1 Distribution of the Excitation Light 

Absorption  

In this study we used our previously reported code [20] 

which was adopted and employed for simulation of signal 

formation in a system for widefield surface FI [29]. The 

feature of this code is that all photons are processed in 

parallel in contrast to a conventional MC algorithm with 

consequent calculations. Biotissue is considered as a slab 

of scattering and absorbing medium which is illuminated 

by a wide beam from its upper boundary 𝑧 = 0 along 𝑧 

direction. The slab consists of two layers with differing 

optical properties: thin topical layer mimicking epidermis 

and thick layer mimicking dermis. To calculate a three-

dimensional distribution of the absorbed dose 

𝐴(𝑥, 𝑦, 𝑧, 𝜆𝑒𝑥)  of light with the wavelength 𝜆𝑒𝑥, at each 

n-th step of modeling and for each photon the absorbed 

fraction of the photon weight was added to the 

corresponding voxel of the absorption map array: 

𝐴𝑛(𝑥, 𝑦, 𝑧, 𝜆𝑒𝑥) =  𝐴𝑛−1(𝑥, 𝑦, 𝑧, 𝜆𝑒𝑥) + 

(1) 
+ ∑ 𝑤𝑖

𝜇𝑎(𝑥, 𝑦, 𝑧, 𝜆𝑒𝑥)

𝜇𝑎(𝑥, 𝑦, 𝑧, 𝜆𝑒𝑥) + 𝜇𝑠(𝑥, 𝑦, 𝑧, 𝜆𝑒𝑥)
 

𝑖

, 

where 𝑤𝑖  is the current weight of the i-th photon located 

in a voxel with the center coordinates (𝑥, 𝑦, 𝑧) at step n, 

𝜇𝑎(𝑥, 𝑦, 𝑧, 𝜆𝑒𝑥)  and 𝜇𝑠(𝑥, 𝑦, 𝑧, 𝜆𝑒𝑥)  are local absorption 

and scattering coefficients of the medium in this voxel. 

Eq. (1) implies that all the photons are processed in 

parallel and at each step of the simulations the absorbed 

weight fractions of all the propagating photons are 
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summed up within a given voxel. Local optical properties 

account for contribution of a background biological 

tissue (epidermis or dermis) and of a photosensitizer. We 

assumed that the background biotissue was transversely 

homogeneous with parameters 𝜇𝑎
𝑡𝑖𝑠𝑠𝑢𝑒(𝑧, 𝜆𝑒𝑥)  and 

𝜇𝑠
𝑡𝑖𝑠𝑠𝑢𝑒(𝑧, 𝜆𝑒𝑥), while non-uniformly distributed PS was 

manifested by the additive term to the local absorption 

coefficient as in Refs. [29, 38, 39]: 

𝜇𝑎(𝑥, 𝑦, 𝑧, 𝜆𝑒𝑥) = 𝜇𝑎
𝑃𝑆(𝑥, 𝑦, 𝑧, 𝜆𝑒𝑥) + 𝜇𝑎

𝑡𝑖𝑠𝑠𝑢𝑒(𝑧, 𝜆𝑒𝑥); 
(2) 

𝜇𝑠(𝑥, 𝑦, 𝑧, 𝜆𝑒𝑥) = 𝜇𝑠
𝑡𝑖𝑠𝑠𝑢𝑒(𝑧, 𝜆𝑒𝑥). 

Here 𝜇𝑎
𝑃𝑆(𝑥, 𝑦, 𝑧, 𝜆𝑒𝑥) = 𝜎𝑎,𝑃𝑆(𝜆𝑒𝑥)𝐶𝑃𝑆(𝑥, 𝑦, 𝑧)  is the 

absorption coefficient of PS with the absorption cross-

section 𝜎𝑎,𝑃𝑆(𝜆𝑒𝑥) and volume concentration distribution 

𝐶𝑃𝑆(𝑥, 𝑦, 𝑧). 

To simulate the formation of fluorescence signal, we 

employed previously developed dual-stage 

algorithm [20, 29, 40]. At the first stage of Monte Carlo 

simulation, the map of absorbed light dose 𝐴(𝑥, 𝑦, 𝑧, 𝜆𝑒𝑥) 

was calculated for the considered optical properties, 

particular PS distribution in the tissue and the irradiation 

wavelength. Further this map was recalculated to 

generate the light dose density 𝐴𝑃𝑆(𝑥, 𝑦, 𝑧, 𝜆𝑒𝑥) absorbed 

directly by the PS using the ratio of local PS absorption 

coefficient to the total one: 

𝐴𝑃𝑆(𝑥, 𝑦, 𝑧, 𝜆𝑒𝑥) = 

(3) 
= 𝐴(𝑥, 𝑦, 𝑧, 𝜆𝑒𝑥)

𝜇𝑎
𝑃𝑆(𝑥,𝑦,𝑧,𝜆𝑒𝑥)

𝜇𝑎
𝑃𝑆(𝑥,𝑦,𝑧,𝜆𝑒𝑥)+𝜇𝑎

𝑡𝑖𝑠𝑠𝑢𝑒(𝑧,𝜆𝑒𝑥)
, 

The values of 𝐴(𝑥, 𝑦, 𝑧, 𝜆𝑒𝑥) and 𝐴𝑃𝑆(𝑥, 𝑦, 𝑧, 𝜆𝑒𝑥) are 

measured in photons. To transform them into volumetric 

distributions of fractional absorbed dose one should 

normalize the corresponding characteristics by the value of 

𝐴0 = 𝑁𝑝ℎ Δ𝑉 [photons·mm3] where 𝑁𝑝ℎ  is the number of 

excitation photons and ∆𝑉 = ∆𝑥∆𝑦∆𝑧 is the volume of an 

elementary voxel with the sizes ∆𝑥, ∆𝑦, and ∆𝑧. 

For PDT planning, it is more practical to analyze one-

dimension in-depth distribution of energy absorbed by a 

PS only (Eq. (3)) that allows to evaluate the impact depth 

for PDT at the particular irradiation wavelength. It can be 

calculated by transversal integration of the normalized PS 

absorption dose within an elementary layer at the depth 𝑧:  

𝐴̅𝑃𝑆(𝑧, 𝜆𝑒𝑥) =  ∑
𝐴𝑃𝑆(𝑥, 𝑦, 𝑧, 𝜆𝑒𝑥)

𝐴0
𝑥,𝑦

Δ𝑥Δ𝑦 = 

(4) 

 

=
1

𝑁𝑝ℎΔ𝑧

𝜇𝑎
𝑃𝑆(𝑧, 𝜆𝑒𝑥)

𝜇𝑎
𝑃𝑆(𝑧, 𝜆𝑒𝑥) + 𝜇𝑎

𝑡𝑖𝑠𝑠𝑢𝑒(𝑧, 𝜆𝑒𝑥)
∑ 𝐴(𝑥, 𝑦, 𝑧, 𝜆𝑒𝑥)

𝑥,𝑦

  

and is measured in inverse millimeters. Another key 

parameter that cannot be measured directly is the 

dimensionless fraction of energy 𝐴̅Σ
𝑃𝑆(𝑍, 𝜆𝑒𝑥)  absorbed 

by the PS in a layer of a thickness Z measured from the 

surface of the tissue which is calculated by the integral: 

𝐴̅Σ
𝑃𝑆(𝑍, 𝜆𝑒𝑥) = ∑ 𝐴̅𝑃𝑆(𝑧, 𝜆𝑒𝑥)Δ𝑧.

𝑍

𝑧=0

 (5) 

2.1.2 Distribution of Fluorescence 

At the second stage the PS absorption map 

𝐴𝑃𝑆(𝑥, 𝑦, 𝑧, 𝜆𝑒𝑥) served as a distribution of fluorescence 

emission sources. The emission of fluorescence photons 

was assumed isotropic with quantum yield equal to 1 for 

simplicity. As we are interested not in absolute values of 

fluorescence but in weights distribution, the magnitude 

of quantum yield is not critical. In the evaluation of 

absolute fluorescence, real value of quantum yield 

amounting 0.1−0.2 [41] for chlorin-based PSs can be 

easily introduced by the corresponding multiplicative 

factor. Surface distribution of fluorescence intensity 

𝐼𝑓𝑙(𝑥, 𝑦, 𝑧 = 0, 𝜆𝑒𝑥 , 𝜆𝑒𝑚) [1/mm2] can be calculated as: 

𝐼𝑓𝑙(𝑥, 𝑦, 𝑧 = 0, 𝜆𝑒𝑥, 𝜆𝑒𝑚) =  

(6) 
=  

1

𝑁𝑝ℎ∆𝑆
∑ 𝐼𝑒𝑚(𝑥′, 𝑦′, 𝑧′, 𝑥, 𝑦, 𝑧 = 0, 𝜆𝑒𝑥, 𝜆𝑒𝑚)

𝑥′,𝑦′,𝑧′

, 

where 𝐼𝑒𝑚(𝑥′, 𝑦′, 𝑧′, 𝑥, 𝑦, 𝑧 = 0, 𝜆𝑒𝑥 , 𝜆𝑒𝑚)  is the weight 

of fluorescence photons with the wavelength 𝜆𝑒𝑚 that are 

launched isotopically from the center of an elementary 

voxel with coordinates (𝑥′, 𝑦′, 𝑧′)  having the initial 

weight equal to 𝐴𝑃𝑆(𝑥′, 𝑦′, 𝑧′, 𝜆𝑒𝑥) and leave the biotissue 

through an elementary pixel ∆𝑆 = Δ𝑥Δ𝑦 with coordinates 

(𝑥, 𝑦) at the tissue surface 𝑧 = 0. 

Along with the fluorescence signal from a distributed 

source, the following parameters for all detected 

fluorescence photons were recorded: the maximum depth 

𝑧𝑗
𝑚𝑎𝑥  reached by j-th fluorescence photon in the medium 

(“FI depth”) and the photon weight 𝑤𝑗  when it exits the 

biotissue. The weight distribution over the FI depth 

𝑊𝑑(𝑧𝑚𝑎𝑥) for photons detected at the boundary 𝑧 = 0 

from all directions and collected at the whole sample 

surface was binned according to the following Eq.: 

𝑊𝑑(𝑧𝑚𝑎𝑥) = ∑ 𝑤𝑗 {𝑧𝑗
𝑚𝑎𝑥∈(𝑧𝑚𝑎𝑥,,𝑧𝑚𝑎𝑥+∆𝑧]},

𝑁

𝑗=1

 

(7) 

𝑧𝑚𝑎𝑥 = 𝑘∆𝑧, 𝑘 = 0, … 𝑁𝑘 − 1, 

where each k-th bin contains the summed weight of the 

photons with FI depth within the bin edges 

(𝑧𝑚𝑎𝑥,, 𝑧𝑚𝑎𝑥 + ∆𝑧] , 𝑁  is the total number of 

fluorescence photons that have reached the tissue surface, 

∆𝑧 is the bin size, 𝑁𝑘  is the total number of bins. The 

effective FI depth was calculated as the median value 

𝑧̃𝑚𝑎𝑥   of the corresponding distribution 𝑊𝑑(𝑧𝑚𝑎𝑥). 

2.2 Simulation Parameters 

We aim to model light distribution during a PDT 

procedure of various skin diseases. There are two ways in 

PS administration in this task. Topical application is used 

in lesions that affect mainly epidermis so therapeutic 

impact is localized above basal membrane which is almost 

impenetrable for a PS. In the therapy of malignant lesions 

deeper impact is required so intravenous injection of a PS 

is implemented according to the protocol. We further 

considered three models of in-depth PS concentration 
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distribution 𝐶𝑃𝑆(𝑧)  in biological tissue mimicking skin 

(Fig. 1) similar to those previously discussed in paper [29]: 

(i) boxcar PS distribution in the upper tissue layer of a 

given thickness 𝑑𝐸 (a simplified topical application model 

assuming the PS is uniformly distributed over the whole 

epidermis thickness 𝑑𝐸); (ii) uniform PS distribution in a 

subsurface tissue covered by a PS-free layer of a given 

thickness 𝑑𝐸 (an intravenous injection model assuming PS 

accumulation below epidermis due to blood flow); 

(iii) exponential in-depth decay of PS concentration in a 

two-layer tissue (a refined topical application model 

assuming realistic PS penetration through upper layers, i.e. 

stratum corneum and epidermis). 

In distributions (i) and (ii), the PS absorption 

coefficient corresponding to the constant level of the drug 

concentration was denoted as 𝜇𝑎
𝑃𝑆(𝜆𝑒𝑥). In distribution 

(iii), the PS absorption coefficient profile was set in 

accordance with the following Eq.: 

𝜇𝑎,𝑒𝑥𝑝
𝑃𝑆 (𝑧, 𝜆𝑒𝑥) =

𝑀0(𝜆𝑒𝑥)

𝑑1 𝑒⁄
 exp (−

𝑧

 𝑑1 𝑒⁄
), (8) 

where 𝑀0(𝜆𝑒𝑥) = σ𝑎
𝑃𝑆(𝜆𝑒𝑥) ∙ Ξ  is a dimensionless 

parameter equal to the product of the PS absorption 

cross-section (σ𝑎
𝑃𝑆(𝜆𝑒𝑥)) and the PS surface density (Ξ) 

at the moment of its application on the tissue, 𝑑1 𝑒⁄  is a 

spatial scale of PS concentration decrease with depth. 

This model is more accurate approximation for the 

topical application case [42, 43] which allows for 

tracking the dynamics of the PS penetration if the 

dependence of 𝑑1 𝑒⁄  on time is given.  

In order to study spatial distribution of the absorbed 

light and the FI depth distribution in the task of 

dual-wavelength PDT for all PS concentration models 

(further denoted as Case (i), Case (ii) and Case (iii), 

correspondingly), we conducted simulations of light 

propagation at two excitation wavelengths 

𝜆𝑒𝑥 = 405 nm and 660 nm typically used in PDT with 

chlorin-based PSs. Fluorescence from chlorin-based PS in 

dual-wavelength systems is typically detected at the 

wavelengths red shifted from the emission peak at 665 nm 

to avoid a cross-talk with the reflected red-excitation 

light [20]. In our simulations the PS fluorescence was 

modeled for the emission wavelength of 760 nm equal to 

that in the custom-designed dual-wavelength FI setup [20].  

Total amount of 𝑁𝑝ℎ = 107  excitation photons was 

used in the simulations. The sample was illuminated from 

the top normal to the surface by a circular beam with 

radius of 9 mm and uniform intensity distribution. 

Transverse dimensions of the sample were set to 

20 mm × 20 mm, its thickness was 20 mm, 

and the size of an elementary voxel equaled 

0.25 mm × 0.25 mm × 0.01 mm. The value of 𝑑𝐸 in the 

distributions (i) and (ii) varied in the range of 0.05–1 mm 

in accordance with the data on epidermis thickness in 

norm and pathology in different skin types [44−47], the 

value of 𝑑1 𝑒⁄  in the distribution (iii) varied in the range 

of 0.1–1 mm. Optical properties of epidermis and dermis 

were set in accordance with the data in Ref. [8] and are 

presented in Table 1 for the considered excitation and 

emission wavelengths (405 nm, 660 nm, and 760 nm). 

The values of the PS absorption coefficient 𝜇𝑎
𝑃𝑆(𝜆) in 

Cases (i) and (ii) corresponded to the constant 

concentration level of Revixan® Derma of 0.1% vol that 

was achieved by in vivo topical administration of 

1 g/g [48, 49]. The value of 𝑀0(𝜆𝑒𝑥) was chosen so that 

the surface absorption coefficient 𝜇𝑎,𝑒𝑥𝑝
𝑃𝑆 (0, 𝜆𝑒𝑥) =

𝑀0(𝜆𝑒𝑥)/𝑑1 𝑒⁄   was of the same order as the 

corresponding 𝜇𝑎
𝑃𝑆(𝜆) for the first two cases. The value 

of scattering anisotropy factor was set as g = 0.8 for all 

wavelengths as we assumed that the effects of small-

angle scattering related to the shape of a scattering phase 

function were insignificant. 

 

Fig. 1 Considered spatial PS distribution models with different in-depth profiles: topical application model (Case (i)), 

intravenous injection model (Case (ii)), refined topical application model (Case (iii)). Here 𝑑𝐸  is the thickness of 

epidermis, 𝑑1 𝑒⁄  is the 1 𝑒⁄  scale of exponential PS concentration distribution. 

Table 1 Optical properties of epidermal (E) and dermal (D) skin layers and chlorin-based PS used in simulations.   

Wavelength, nm 𝝁𝒂
𝑷𝑺, mm−1 𝑴𝟎 𝝁𝒂

𝑬, mm−1 𝝁𝒔
𝑬, mm−1 𝝁𝒂

𝑫, mm−1 𝝁𝒔
𝑫, mm−1 g 

405 0.10 0.020 1.25 50 0.9 38 0.8 

660 0.02 0.004 0.26 22 0.14 14 0.8 

760 0 0 0.2 14 0.13 12 0.8 
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3 Results and Discussion 

3.1 Absorbed Light Dose Distribution 

Fig. 2 shows log10 of normalized absorbed light dose 

distribution 𝐴(𝑥, 𝑦 = 0, 𝑧, 𝜆𝑒𝑥)/𝐴0. The maps are plotted 

for a boxcar PS distribution (i) with the thickness of 

𝑑𝐸 = 0.2 mm and two irradiation wavelengths 𝜆𝑒𝑥  of 

405 nm and 660 nm. Due to significant dependence of 

skin optical properties on the wavelength (see Table 1), 

for 𝜆𝑒𝑥 = 405 nm the light is primarily absorbed in 

superficial tissue layer, while for 𝜆𝑒𝑥 = 660 nm deeper 

layer is involved. Central part of the maps represents 

distribution of absorbed dose over depth which can be 

used for planning PDT procedures with chlorin-based PS 

in skin. 

Fig. 3a shows in-depth profiles of the PS-absorbed 

dose 𝐴̅𝑃𝑆(𝑧, 𝜆𝑒𝑥)  calculated with Eq. (4) for different 

thicknesses dE of epidermis containing uniformly 

distributed PS and for two excitation wavelengths 𝜆𝑒𝑥  of 

405 nm and 660 nm (Case (i)). Smaller values of 𝑑𝐸 

correspond to normal thickness of epidermis while larger 

ones, to the cases of its pathological thickening, e.g., for 

actinic keratosis [44, 45]. Fig. 3b depicts the 

dependences of absorbed energy fraction 𝐴̅Σ
𝑃𝑆(𝑍, 𝜆𝑒𝑥) 

calculated with Eq. (5) for the same PS distribution. 

Faster accumulation of total light dose delivered with 

blue light compared to that for red light is shown. 

 

 

 

Fig. 2 Log10 of normalized volume density of the 

absorbed energy fraction 𝐴(𝑥, 𝑦 = 0, 𝑧, 𝜆𝑒𝑥)/𝐴0  in the 

biotissue containing PS uniformly distributed in 

epidermis (𝑑𝐸 =0.2 mm) for irradiation wavelengths of 

(a) 405 nm and (b) 660 nm. White dashes show the 

boundary of the PS containing layer. 
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Fig. 3 (a) In-depth distribution of energy 𝐴̅𝑃𝑆(𝑧, 𝜆𝑒𝑥) absorbed by a PS uniformly distributed in a topical (epidermal) 

layer of a thickness 𝑑𝐸 for the irradiation wavelengths of 405 nm and 660 nm; (b) fraction of energy 𝐴̅Σ
𝑃𝑆(𝑍, 𝜆𝑒𝑥)  

absorbed by a PS in a superficial layer of tissue versus the layer thickness Z. (c) Ratio of total light doses absorbed at 

 𝜆𝑒𝑥 = 405 nm to that absorbed at  𝜆𝑒𝑥 = 660 nm as the function of the PS layer thickness. 
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For the given PS concentration total absorbed energy 

fraction does not exceed units of percent. Similar to the 

plots in Fig. 3a, Fig. 3b shows that the dose accumulation 

stops at the depth Z equal to the thickness of the PS-

containing layer 𝑑𝐸 . Note that the ratio of total doses 

absorbed at different wavelengths for the same PS 

distribution (Fig. 3c) is not equal to the ratio of the PS 

absorption coefficients at these two wavelengths 

(
𝜇𝑎

𝑃𝑆(405 𝑛𝑚)

𝜇𝑎
𝑃𝑆(660 𝑛𝑚)

= 5) and decreases with the increase of the 

PS layer thickness. 

In Fig. 4 density profile of the PS-absorbed light dose 

and absorbed energy fraction are shown for Case (ii) 

mimicking intravenous injection with a uniformly 

distributed PS in a subsurface slab of biotissue covered 

by a PS-free layer (epidermis) of thickness 𝑑𝐸 . The 

absorption profile (Fig. 4a) shows a jump at the depth 

equal to 𝑑𝐸 while the curve shape is determined by the 

optical properties of dermal tissue. Fig. 4b demonstrates 

the dependences of absorbed dose 𝐴̅Σ
𝑃𝑆(𝑍, 𝜆𝑒𝑥)  for 

Case (ii) showing the behavior of the curves for 405 nm 

and 660 nm similar to Case (i). Absorbed dose of light at 

the wavelength of 660 nm is comparable or even exceeds 

that at the wavelength of 405 nm except the case of the 

smallest 𝑑𝐸 value. 

The same set of curves is plotted for the case of 

exponential PS distribution in the two-layer biotissue 

(Case (iii)) for different values of 𝑑1 𝑒⁄  (Fig. 5). The 

increase of 𝑑1 𝑒⁄  mimics the dynamics of in-depth 

redistribution of a PS after topical application. During 

this process the fraction of the PS in superficial layers 

decreases and its fraction in deeper layers grows, 

however total amount of PS is constant. Despite that, 

total absorbed light doses that correspond to the 

asymptotic values in Fig. 5b decrease with 𝑑1 𝑒⁄ , which is 

caused by light attenuation. Also, the accumulated doses 

reach the asymptotic values faster (Fig. 5b) as compared 

to Case (i) with uniform PS distribution within epidermis 

(Fig. 3b). 
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Fig. 4 (a) In-depth distribution of light dose 𝐴̅𝑃𝑆(𝑧, 𝜆𝑒𝑥) absorbed by a PS uniformly distributed below a topical 

(epidermal) layer of a thickness 𝑑𝐸 for the irradiation wavelengths of 405 nm and 660 nm; (b) fraction of light dose 

𝐴̅Σ
𝑃𝑆(𝑍, 𝜆𝑒𝑥)  absorbed by a PS in a superficial layer of tissue versus the layer thickness Z. 
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Fig. 5 (a) In-depth distribution of light dose 𝐴̅𝑃𝑆(𝑧, 𝜆𝑒𝑥) absorbed by a PS distributed exponentially with different 

values of 𝑑1 𝑒⁄  for the irradiation wavelengths of 405 nm and 660 nm; (b) fraction of light dose 𝐴̅Σ
𝑃𝑆(𝑍, 𝜆𝑒𝑥)  absorbed 

by a PS in superficial layer of tissue versus the layer thickness Z. 
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3.2. Fluorescence Imaging Depth  

Based on the PS fluorescence excitation at two 

wavelengths from different spectral ranges, dual-

wavelength FI provides the capability to measure the PS 

localization depth using the ratio of the detected 

fluorescence signals [19, 20, 29, 38]. In order to analyze 

the fluorescence signal formation in dual-wavelength FI, 

one should figure out from which volume the signal is 

detected for the considered excitation wavelength. This 

characteristic is statistically related to the maximum 

depth (FI depth) reached in the medium by the photons 

which contribute to the detected fluorescence.  

Fig. 6 shows distribution of fluorescence photon 

weights over maximum depths 𝑊𝑑(𝑧𝑚𝑎𝑥) calculated 

with Eq. (7) for all three models of PS distribution 

(Cases (i)−(iii)) at two excitation wavelengths. The 

widths of the distributions for 𝜆𝑒𝑥 =  405 nm and 

𝜆𝑒𝑥 = 660 nm noticeably differ which is explained by 

a much smaller number of absorbed photons that 

generate fluorescence at a large depth for blue light 

compared to red light. As a result, the distribution 

maxima for 𝜆𝑒𝑥 = 405 nm are located closer to the 

tissue surface than those for 𝜆𝑒𝑥 = 660 nm.  
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Fig. 6 Distribution of fluorescence photon weights over FI depth 𝑊𝑑(𝑧𝑚𝑎𝑥) normalized by the number of launched 

photons for excitation wavelengths of 405 nm (left column) and 660 nm (right column) and for different PS 

distributions: (a), (b) Case (i); (c), (d) Case (ii); (e), (f) Case (iii). Colored lines correspond to different values of  the 

epidermis thickness 𝑑𝐸 (a)−(d), and the 1/𝑒 scale of exponential PS concentration distribution 𝑑1/𝑒 (e)−(f) indicated 

in the plots. 
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In Figs. 6a,b for the Case (i), a sharp drop is observed 

in the distribution profiles at values of 𝑧𝑚𝑎𝑥 = 𝑑𝐸  when 

the PS-containing layer thickness 𝑑𝐸 is small compared to 

the transport length of fluorescence light 

𝑙t,760 = (𝜇a,760 + 𝜇𝑠,760(1 − 𝑔760))
−1

 amounting about 

0.3−0.4 mm in epidermis and dermis. This fact is 

explained by the presence of two diffuse fluxes of 

fluorescence photon: a forward flux directed inside the 

tissue and a backward flux directed to the front boundary 

of the tissue where the detector is located. Photons from 

the forward flux can redirect into the backward flux as the 

result of backscattering and vice versa. For the backward 

flux, the maximum depth reached by most fluorescence 

photons corresponds to the depth at which fluorescence 

emission occurred, however, there is a fraction of those 

travelled forward and then backscattered. For the forward 

flux, the maximum depth of a photon is defined by the 

depth at which it has changed its direction towards the 

detector as a result of backscattering. Thus, photons from 

the backward flux mostly contribute to the bins with lower 

index corresponding to small values of 𝑧𝑚𝑎𝑥 . The bins 

with larger index (i.e, larger 𝑧𝑚𝑎𝑥  values) collect also from 

the forward flux due to backscattering. The overall 

distribution depends on the absorption profile within PS 

layer and the attenuation of fluorescence photons energy 

along their paths. The presence of a sharp drop at 

𝑧𝑚𝑎𝑥 = 𝑑𝐸  is caused by disappearance of the straight 

backward flux contribution since only the photons with at 

least one backscattering can form the fluorescence signal 

with 𝑧𝑚𝑎𝑥 > 𝑑𝐸 . The number of such photons decreases 

with the increase of 𝑧𝑚𝑎𝑥  which causes a decaying tail in 

the dependence. When the PS layer thickness exceeds 

𝑙𝑡,760, the peak at the boundary 𝑧𝑚𝑎𝑥 = 𝑑 is smoothened 

due to pronounced multiple scattering when the forward 

and the backward fluxes are mixed. 

For Case (ii) of uniform PS distribution below 

epidermis, the dependencies in Figs. 6 c,d show the 

opposite trend: minimum value of 𝑧𝑚𝑎𝑥  is determined by 

the epidermis thickness 𝑑𝐸 . Multiple scattering is 

responsible for long tails in these dependencies whereas 

slower decay is observed for 660 nm, similar to Case (i) 

(Fig. 6b). In Case (iii) of exponentially decaying PS 

concentration, the distributions 𝑊𝑑(𝑧𝑚𝑎𝑥)  for various 

values of parameter 𝑑1/𝑒  in Figs. 6 e,f appear smooth 

with the maxima that are located close to the boundary 

for 𝜆𝑒𝑥 =  405 nm (Fig. 6e) and are shifted to larger 

depths for 𝜆𝑒𝑥 = 660 nm (Fig. 6f). 
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Fig. 7 The dependence of the median FI depth 𝑧̃𝑚𝑎𝑥  (solid lines) on the epidermis thickness 𝑑𝐸  ((a) Case (i) and 

(b) Case (ii)), and on the effective thickness 𝑑1/𝑒 ((c) Case (iii)) for excitation wavelengths of 405 and 660 nm. Filled 

areas between dashed lines indicate the interquartile range (IQR) between the 25th and the 75th percentiles of 𝑧𝑚𝑎𝑥  

distribution shown in Fig. 6. 
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Fig. 7 demonstrates the dependence of the median 

depth 𝑧̃𝑚𝑎𝑥  on the characteristic scale of the PS 

distribution for Cases (i)−(iii). In Fig. 7a describing 

Case (i), the dependence of 𝑧̃𝑚𝑎𝑥 on the thickness 𝑑𝐸 is 

not linear and it tends to an asymptotic value with the 

increase of 𝑑𝐸  due to decrease in the contribution of 

fluorescence photons from deep layers (see Figs. 6 a,b). 

For 𝜆𝑒𝑥 = 405 nm the median 𝑧̃𝑚𝑎𝑥
405  reaches its 

asymptotic value for the values of 𝑑𝐸≈ 0.75 mm, while 

for 𝜆𝑒𝑥 =660 nm the median 𝑧̃𝑚𝑎𝑥
660  keeps growing. The 

ratio 𝑧̃𝑚𝑎𝑥
660 𝑧̃𝑚𝑎𝑥

405⁄  is close to 1 at small values of 𝑑𝐸 , 

however it increases with the epidermis thickness and 

for 𝑑𝐸 =1 mm it reaches 1.6 which characterizes the 

difference in the effective imaging depths in FI at these 

wavelengths. Fig. 7b shows the dependence of the 

median 𝑧̃𝑚𝑎𝑥 on the epidermis thickness for Case (ii). It 

is almost linear for both considered wavelengths in the 

specified range of 𝑑𝐸 values. This is presumably due to 

the major role of the straight backward flux in the 

formation of fluorescence signal. However, in the whole 

range of epidermis thickness values the median value 

𝑧̃𝑚𝑎𝑥  exceeds 𝑑𝐸 because it is influenced by the photons 

emitted from the back of the dermis, not only by those 

from the interface. Similar to Fig. 7a, the plot in Fig. 7c 

describing Case (iii) shows saturating growth of the 

median 𝑧̃𝑚𝑎𝑥 with the effective PS layer thickness 𝑑1/𝑒, 

whereas 𝑧̃𝑚𝑎𝑥
660 /𝑧̃𝑚𝑎𝑥

405  > 1 for a given value of 𝑑1/𝑒. Still, 

the ratio 𝑧̃𝑚𝑎𝑥
660 𝑧̃𝑚𝑎𝑥

405⁄  is slightly less in Case (iii) 

compared to Case (i) owing to higher contribution of 

fluorescence coming from smaller depths. 

3.3 Fluorescence Imaging Depth and 

Fluorescence Signal Ratio  

Dual-wavelength FI has been reported as a tool for 

estimating the PS localization depth [29]. This 

estimation is based on the monotonous dependence of 

the fluorescence signal ratio 𝑅𝜆 =  
𝐼𝑓𝑙

660

𝐼𝑓𝑙
405  on the 

characteristic thickness of a PS-containing region. 𝐼𝑓𝑙
660 

and 𝐼𝑓𝑙
405  are the fluorescence signals either registered 

from the tissue upon excitation at the wavelengths of 

660 nm and 405 nm, correspondingly, or evaluated 

numerically with Eq. (6). However, for the 

development of reconstruction techniques it is 

reasonable to evaluate the relation between 𝑅𝜆 and the 

FI imaging depth at both probing wavelengths, since 

this dependence should be more direct. The performed 

simulations allowed to plot the dependence of the ratio 

𝑅𝜆  on the median depth ratio 𝑧̃𝑚𝑎𝑥
660 𝑧̃𝑚𝑎𝑥

405⁄  which 

characterizes the difference in the imaging volumes at 

two wavelengths employed in dual-wavelength FI. 

Fig. 8 demonstrates that the dependence of 𝑅𝜆  on 

𝑧̃𝑚𝑎𝑥
660 𝑧̃𝑚𝑎𝑥

405⁄  is close to linear one for both cases 

mimicking topical administration case (Cases (i) and 

(iii)). Such a behavior is caused by a growing difference 

in FI depth at 660 nm versus 405 nm with the increase 

of the PS localization depth owing to the difference in 

the absorption dose in-depth distribution (see Figs. 3a, 

5a). In Case (ii) the dependence monotonously 

decreases since both 𝑧̃𝑚𝑎𝑥
660   and 𝑧̃𝑚𝑎𝑥

405  linearly grow with 

the thickness 𝑑𝐸  of the upper layer, however their 

difference becomes smaller (see Fig. 7b), while the ratio 

𝑅𝜆  increases due to larger attenuation of blue light 

compared to that of red light in the PS-free epidermal 

layer. The dependence is shown in semilogarithmic 

scale and can be attributed by an inverse power law. 
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Fig. 8 Dependence of fluorescence signal ratio 

𝑅𝜆 =  𝐼𝑓𝑙
660 𝐼𝑓𝑙

405⁄   on the ratio 𝑧̃𝑚𝑎𝑥
660 𝑧̃𝑚𝑎𝑥

405⁄  of median FI 

depths for different cases of PS distribution in two-layer 

biotissue. 

4 Conclusion 

In this study we have conducted numerical Monte Carlo 

modeling of light characteristics essential for planning 

and monitoring of PDT with chlorin-based PS. We 

compared the effect of different PS distribution models 

in skin on the profiles of absorbed light dose and on the 

FI depths in a two-layer biotissue mimicking epidermis-

dermis geometry when excitation is performed at the 

wavelengths close to the maxima in the absorption 

spectrum of chlorin-based PS (405 nm and 660 nm). 

Profiles of PS-absorbed light dose evaluated with 

account of layered biotissue structure allow for more 

accurate estimation of the PDT procedure efficiency 

compared to the light dosimetry models developed for 

uniform biotissue. We studied fluorescence photon 

distribution versus the depth from which the signal is 

detected for different PS distributions in biotissue and 

for optical characteristics at particular probing and 

emission wavelengths. Dependence of the median FI 

depth on the characteristic depth of the PS distribution 

differs sufficiently for topical and intravenous PS 

administration cases: the former demonstrates 

asymptotic trend for both boxcar and exponential 

distribution of PS concentration, while the latter in 

nearly linear. Ratio of fluorescence signals at 

wavelengths of 660 nm and 405 in dual-wavelength FI 

as the function of the ratio of median FI depths at these 

wavelengths also shows opposite trends for topical and 

intravenous administration models: the former 

demonstrates slow monotonous increase while the latter 



D. Kurakina et al.: Light Dose and Fluorescence Imaging Depth in Dual-Wavelength PDT: ... doi: 10.18287/JBPE24.10.040318 

J of Biomedical Photonics & Eng 10(4) 2024   27 Dec 2024 © J-BPE 040318-10 

can be described by a decaying inverse power law. The 

obtained dependencies provide a detailed overview of 

the light absorption profile and fluorescence signal 

formation for different PS distribution in layered 

biotissues, which has practical value in various 

fluorescence-based light dosimetry techniques assisting 

dual-wavelength PDT. 
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